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SUMMARY

This report describes the results of two distinct studies of the
aerodynamic heating of nose tips. In PART 1 of these studies we examined
experimentally the development of laminar, transitional and turbulent
boundary layers over ablated nose shapes at Mach numbers from 8 to 13 for
Reynolds numbers up to 80 x 106 based on model diameter. Two groups of models
were employed in this study, blunt elliptic, blunt biconic and triconic models
were used in the first phase of this investigation where the greatest emphasis
was placed on examining the length and structure of the transition region and
the parameters which influence it. The second phase of this study was devoted
to examining the flow over "highly ablated'" nose shapes, over which flow sepa-
ration and gross flow instabilities occurred. Here we studied how nose tip
configuration, roughness and model incidence, as well as the Mach number and
Reynolds number of the free stream, influenced the occurrence and structure of
large scale periodic instabilities. These studies demonstrated the strong
effect of pressure gradient and roughness on the length and characteristics
of the transition region. In turn these parameters, along with nose tip geo-
metry, strongly influence the occurrence of flow instabilities over highly-

indented nose shapes.

In PART II of this investigation, we studied, in detail, the
generation of disturbances in the stagnation region of the flow as a particle,
which comes from the model surface, interacts with the bow shock. Here we
were primarily interested in gaining a knowledge of the magnitude and mechanism
of heating enhancement. These studies which were conducted at Mach 6 and 13,
demonstrated that there was little heating enhancement as the particle (between
100 and 800 microns in size) transversed the shock layer; however heating levels
between 3 and 10 times the stagnation point value can be generated as the par-
ticle penetrates the bow shock. Four distinctly different flow regimes were
found to exist for different penetration distances and particle trajectories.
Of these the most dramatic is one where a flow instability similar to that en-

countered over the highly indented nose shapes is observed.
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PART L

EXPERIMENTAL STUDIES OF TRANSITIONAL BOUNDARY LAYERS
AND BOUNDARY LAYER SEPARATION WITH GROSS FLOW
INSTABILITIES OVER ABLATED NOSE SHAPES



Section 1
INTRODUCTION

To develop a reliable and accurate re-entry system employing slender
high B vehicles, it is necessary to understand and formulate methods to analyze
the changes which occur to the ablative nose tip and the associated viscous and
inviscid flow field in which it is enveloped during re-entry. Small changes to
the shape of a nose tip can change significantly the drag and moment coef-
ficients of the vehicle, particularly if such shape changes are asymmetric in
character. While measurements from ablation tests have suggested that nose
shapes develop equilibrium or self-preserving profiles* under fixed free stream
conditions, complex non-equilibrium shapes can develop as the vehicle descends
through the atmosphere, and its boundary layer undergoes a transition from
laminar to turbulent characteristics. The flow fields over such ''mon-equilibrium"
shapes are complex, involving regions of shock wave-boundary layer interaction,
and shock-shock interaction. The large localized heating rates associated with
such interactions can ultimately create nose shapes over which flow instabilities
resulting from the alternate formation and collapse of embedded separated
regions can occur. The dynamic forces which result from such instabilities
seriously degrade the performance of the vehicle. Experimental studies have
demonstrated that small asymmetries in surface roughness or ablated shape for
these configurations can result in flow asymmetries of dramatic proportions.

A small angle of incidence can result in flow asymmetries of comparable magni-

tudes.

The movement of the transition point from the conical surface onto
the face of a nosetip begins a process which, because of resultant localized
increase in heating, may create an indented nose shape. The formation of an im-
i bedded shock over this configuration results in a significant increase in
! heating at the base of the shock (resulting from shock wave-boundary layer in-
teraction) which drives the ablating nose into a shape with a more concave
form. On these shapes, the shock-shock interaction can also cause intense

heating at the reattachment point of the shear layer which is generated at the

TR 3k i
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Discussed in Section 3.
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intersection between the how shock and embedded shock. In many cases nose
tips do not ablate symmetrically and the asymmetric flow field which results
can impress a pressure distribution on the nose which can cause asymmetric
forces of significant proportions. These side forces are of greatest magnitude
when a separated region is induced on one side of the nose tip while the flow
remains attached on the other. This situation can also arise on symmetric

highly-ablated nose shapes when they are pitched at angle of attack.

The development, through ablation, of nose shapes over which gross
aerodynamic instabilities occur, has been demonstrated in ablation tests using
camphor models and inferred from downrange observation of full scale flight
missions. Regions of gross instability on nose shapes in hypersonic flow were
first studied in detail over "spiked bodies". For a certain class of configura-
tions, where a spike pierces the bow shock and yet is of insufficient length
to permit an equilibrium separated region to be formed, a flow oscillation is
observed in which there is a periodic formation and collapse of the separated
region. A similar oscillation is observed over bi-conic configurations; and
studies have been performed to define the geometries over which these oscilla~
tions occur. Most of the studies which were conducted in hypersonic flow were
at low Reynolds numbers; however the recent high Reynolds number studies at
Calspan have demonstrated that transition to turbulence on the nose of the
vehicle can significantly inhibit such oscillations, Nose tip roughness,
which is an inherent feature of ablating nose shapes, was also found to play
an important role in the oscillation onset. The detailed heat transfer, pres-
sure and skin friction measurements made in the Calspan study identified the
importance of shock-boundary layer interaction and shock-shcok interaction as
the basic mechanisms which cause large heating rates driving an indented shape
toward shapes over which flow instabilities occur, Perhaps the most important
finding from these studies is the large sensitivity of the oscillating flow
fields to angle of attack. The large asymmetric pressure forces and heat transfer
rates generated under these conditions tend to drive the nose region into an
asymmetric form and the vehicle to increasing angle of incidence. The oscil-

lations generated under these conditions differ significantly from those observed

at zero incidence,



AT N A TR TP

In this study we investigated two aspects of the aerodynamics of the
non-equilibrium ablation of nose tips. In the first of these studies we obtained
detailed heat transfer and pressure measurements on blunt elliptic, blunt
biconic and triconic models at Mach number from 8 to 13 for Reynolds numbers
up to 80 x 106. Here, while we sought information on the laminar heat transfer
distribution over these nose shapes, we were primarily interested in examining
the length and structure of the transition region and the parameters which
influenced it. In the second study we examined the flow over highly ablated
nose shapes over which flow separation and gross flow instabilities occurred.
Here our studies were devoted to examining how nose tip configuration, surface
roughness and model incidence, as well as Mach number and Reynolds number of
the inviscid flow influenced the occurrence and structure of large-scale
periodic aerodynamic instabilities which can develop over these shapes.
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Section 2
STUDIES OF TRANSITION AND RE-LAMINARIZATION OVER MILDLY ABLATED NOSE SHAPES

2.1 INTRODUCTION

The development of computer codes to describe accurately the shape change
of a nose-tip of a slender RV as it descends through the atmosphere revolves
about an accurate description of the boundary layer and its interaction with the
ablation material. While the description of the development of nose tip
shapes in laminar flows may be considered to be relatively accurate, the
complexities in the fluid mechanics which arise when transition begins on the
bodies has yet to be fully understood or successfully described in an analytical
or numerical framework. It is clear that, at this time, in order to assist in
understanding the origins and development of turbulence over complex nose shapes,
we require an insight through experimental measurements. The problem of pre-
dicting the position of boundary layer transition on ablating nose shapes has
yet to be solved. While this problem is difficult enough for smooth bodies, on
nose tips we are faced with understanding the influence of ablation and rough-
ness. While recent analytical studies have used linearized stability theory
(Ko)land turbulent energy methods (Wilcox2 and Finsons) in attempts to describe
this process with some success, each employs some degree of empiricism in their
approaches. In correlating measurements of transition made in wind tunnels, we
are faced with the problem of evaluating the influence of tunnel noise on this
process, and some fheories (e.g., Wilcox's) attempt to account for this,
Aerotherm have suggested from their studies that transition can be correlated
in the form Ree(-‘frﬁf %}ozzli Where b is the roughness height and 6 the
momentum thickness at the beginning of transition. While this criteria is
simple, it has the merit of being in relatively good agreement with measurements
made by Aerotherm at Mach 5. Measurements of transition over sharp flat plates
and cones in the Calspan Shock Tunnels at high Mach numbers have been found to
be in remarkably good agreement in the ballistic range and correlations of

flight data as shown with measurements in Figure 1.

While the beginning of transition may be influenced by tunnel noise,
the characteristics of the transitional region and the turbulent boundary layer
which developed downstream of it does not exhibit this sensitivity., The length
and characteristics of the transition region, however, do depend strongly on the

pressure and entropy gradients in the inviscid flow and the roughness of the
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surface. For constant pressure, high speed boundary layers in the absence of
entropy graident, the length of the transition region can be related to the length
of the laminar run as shown in correlations of measurements on flat plate and
cones made at Calspan presented in Figure 2. However, as shown in Figure 3,
the length of the transition region on blunted nose tips cannot be related
simply due to the length of laminar run. Adding roughness not only increases
the level of heating, but also significantly modifies the length and character-
istics of the transition region as shown in Figure 4, The photographs obtainc
in the experimental studies on bi-conic configurations, show on Figure 5
indicate a wave-like structure in the boundary layer close to the transition
point. This structure has also been observed in experimental studies conducted
by Demetriades.42 The records of the heat transfer in the transition region on
this bi-conic configuration in the present studies show distinctive bursts in
heating which raise the local heat transfer rate to close to the turbulent
value. These bursts appear to be convected downstream over adjacent gages.
This result is not inconsistent with Emmons' spot theory in which the heat

transfer to the wall is related to an intermittancy parameter and through the

relationship
+ (1-
Cu RANS ¥y TuRs G-9)Cy LAMINAR
where ¥ is the fraction of time the boundary layer exhibits turbulent charac-
teristics, and CH rurs and C,, ., are the heat transfer coefficients for full
turbulent or laminar flow respectively. Clearly, ¥ assumes values from 0 to

1 through the transition region and can be rela}gg to the position in the

transition region by the expression Y = ;:g_, as shown in Figure 6.

A is a parameter chosen from correlation of the experimental data. While

this general approach has been used with some success to describe the
distribution of heat transfer to the wall in the transition region, it is
clear it must be modified, based on experimental measurements, when transition
is influenced by roughness, vorticity, entropy and pressure gradients. It is
of interest to note that while the Emmons' theory5 is in relatively good agree-
ment with the mean values of heat transfer in the transition region at high
Mach numbers, the fluctuation measurements of heat transfer made under these
conditions do not display the intermittent laminar and turbulence character

upon which this theory is based.
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Figure 4a EFFECT OF ROUGHNESS ON TRANSITION AND RELAMINARISATION OVER THE
BICONIC CONFIGURATION AT MACH 13
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Figure 5 SCHLIEREN PHOTOGRAPH SHOWING BOUNDARY LAYER TRANSITION OVER
A BLUNT BICONIC MODEL AT MACH 11
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One char.cteristic of the transition region which is important in
nose tip technology is the "heat transfer overshoot' which occurs close to the
end of the transition process. The generation of turbulence in the transition
region is such that the turbulent scale size larger than that for a corres-
ponding fully turbulent boundary layer is generated, and this results in in-
creased heating levels. This ''low Reynolds' number turbulent structure is in-
fluenced by viscosity and eventually dissipation drives the turbulent scale
sizes toward the local equilibrium values. However, this relaxation process
can occur over a region as long as 50 boundary layers thicknesses, as shown by
Holden® and Bushnell.? While this low Reynolds number effect causes heating
rates of only 125% in excess of the equilibrium turbulent levels, sophisti-
cated shape change codes which are now being developed should be formulated in
such a way that the flow downstream of transition is modelled correctly. Again

experimental measurements are needed to inspire and evaluate such models,

2.2 EXPERIMENTAL STUDIES OF LAMINAR, TRANSITIONAL AND TURBULENT FLOWS,
INCLUDING THE EFFECTS OF ROUGHNESS, ON ABLATED NOSE SHAPES

The three models used in the investigation of transition on ablated
nose shapes, chosen as representative of those that might be found in flight,
are shown in Fig. 7. These models were highly instrumented with heat trans-
fer and pressure gages to provide the spatial and temporal resolution required
to define accurately the characteristics of the transition and relaminarisa-
tion region, Figure 8 shows the model with the elliptic nose shape installed
in the 96" Shock Tunnel. Schlieren photographs typical of those obtained in
the studies are shown in Figs. 9, 12 and 15. The distributions of heat transfer
over the biconic, elliptic and tri-conic configurations at Mach numbers from 8
to 13 for a range of Reynolds numbers from 106 to 80 x 106 are shown in
Figures 10, 13 and 16. The pressure distributions over the bi-conic and
elliptic configurations varied little with Mach number and Reynolds number, and
typical distributions obtained on these configurations are shown in Figs. 11
and 14. The pressure measurements obtained on the tri-conic configuration are
shown in Fig. 17. Here the variations of pressure or heating distribution with
Mach number and Reynolds number reflects changes in the structure of the regions

of viscous interaction and flow separation over the convex surface of the model.

14
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Figure 9

A SCHLIEREN PHOTOGRAPH TYPICAL OF THOSE OBTAINED OVER
THE BICONIC CONFIGURATIONS (M = 11)
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Figure 12

SCHLIEREN PHOTOGRAPH OF THE FLOW OVER THE ELLIPTIC NOSE TIP
(M=13)
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Figure 15a A SCHLIEREN PHOTOGRAPH OF THE FLOW OVER THE TRI-CONIC CONFIGURATION
WITH BOUNDARY LAYER SEPARATION OVER THE SECOND SURFACE (M = 13)
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Figure 15b SCHLIEREM PHOTOGRAPH SHOWING BOUNDARY LAYER SEPARATION FOR
TRANSITION FLOW OVER THE TRI-CONIC MODEL (M = 11)

39



e A ometn oo

Figure 15c SCHLIEREN PHOTOGRAPH FOR TURBULENT FLOW OVER
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The experimental program was conducted at Mach numbers from 8 to
13 for a range of Reynolds numbers such that lamipar, transitional and turbulent
flows were obtained over the model nose shapes. Emphasis was placed on ob-
taining measurements which would assist in attempts to evaluate the models,
in particular those of the transitional and relaminarization regions, which
are used in the shape change codes. We performed simple calculations to de-
termine laminar and the heat transfer distributions over the biconic and

elliptic configurations using the modified Lees equation8’9

¢ = , £ P.Ve Y
9 stac P J+1) , SsPcUc. 'Y'“ds
()
where j = 0 (2 dimensional), j = 1 (axi-symmetric); A& =\[]E§;Z?— for spheri-
cal nose and 2 for 2:1 elliptic nose. In this expression Pc = Pe/Po, Uc = Ue/Uoe,
Y = rb/a and S = S/a, where a is a reference length (3 = RN for a spherical
nose and RN/4 for the 2:1 elliptic nose. The stagnation p.int heat transfer was

determined using the Fay-Riddell method. For turbulent flow we use the

relationships developed by Mirels (REF 12)
cyty/ Pe Ue
- A SO
F vee So

where 4w 0.03 k AHJ-LQ)(& 1 )o.s
Ao “a

F&u! CL°'Z

and AH = H0 - Hw, k = Mirels' roughness coefficient and PR is the Prandtl
number. The three comparisons which are shown in Figs. 18, 19 and 20 demonstrate
relatively good agreement between theory and experiment, and indicate the flow

remains completely laminar to the end of the afterbody.

The characteristics of the transition region over the bi-conic con-
figuration were explored by progressively increasing the unit Reynolds number
of the free stream, thereby moving transition first onto the conical surface
and then toward the hemispherical nose tip. Typical distributions of heating
obtained from these studies are shown in Fig. 21. Here we see that the length

of the transition region is not simply related to length of the laminar run
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ahead of transition os . momentum thickness at the beginning of the transition
process. Our measurements indicated that the transition process was strongly
influenced by the local pressure gradient on the inviscid flow and the entrain-
ment of the highly non-homogeneous, rotational inviscid flow - the entropy layer
originating in the stagnation region. If however the length of the transition
region is defined from experiment, then the distribution of heat trarsfer through
this region can be predicted with reasonable accuracy using the intermittency
relationships  Cy a3 0y ont(1*3)Chy i am where ¥ was deiined carlier. The

comparison between the simple theory and experiment shown in Fig. 22 demonstrates

St e

that the mean heat transfer rate increases monotonically through the transition
region. In fact the temporal variation of heating at a specific point in the
transition region is such that the intermittency model, in which it is assumed
that the surface experiences alternating laminar and turbulent conditions, is

supported by the present set of experimental measurcments,

To perform accurate calculations of the boundary layer flow over the
bi-conic configuration it is necessary to model the entrainment of the entropy
layer into the boundary layer, i.e. account for entropy layer swallowing. A
further refinement would be to include the effects of vorticity generated in
the entropy layer into the model of the boundary layer development. To assess
the effects of entropy swallowing it is desirable to perform calculations
to determine the characteristics of the inviscid flow. Such calculations have
been performed by Crowell11 who has used the Godunov method to determine the
inviscid flow over the elliptic and bi-conic configurations, The Godunov method
was used by Crowell to determine the shock shape and pressure distribution over
the elliptic and bi-conic configurations., The comparisons between the measured
and computed shock shape shown in Fig. 23 demonstrate that the theoretical

method is in excellent agreement with the experimental measurements.

Model roughness had a significant effect on the magnitude and dis-
tribution of heating over bi-conic nose shapes, particularly where transition
was observed on the "smooth'" configuration. The increase in heating which
resulted from introducing 0.005 roughness on the 45° bi-conic nose shape at
Mach 13 is shown in Fig. 24. On the smooth configuration transition began

51
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on the conical surface approximately 2 inches from the stagnation point and

was complete by the cone-cone junction. The output from the heat transfer
gages in the transition region exhibited an output typical of the intermittent
character of the turbulence in this region, where the timewise variation in
heat transfer spanned the local laminar and turbulent values (See Fig. 24).
Introducing roughness moved transition forward to a point just downstream of the
sphere-cone junction with the heat transfer on the conical surface exhibiting a
fully turbulent character. Our measurements demonstrated that transition

and the heating rates in the turbulent flow were symmetrically positioned on
the cone surface. It is clear from the measurements that re-laminarization
takes place at the cone-cone junction on both the smooth and rough body.
However while re-transition takes place on the rough body, the flow over the
afterbody on the smooth model remains laminar. Clearly re-laminarization and

the effect of roughness on re-laminarization are phenomena of significant

importance in nose-tip technology.

The effect of roughness on the transition process and the heat
transfer levels downstream of transition was also investigated at Mach 11 for
free stream conditions which caused the beginning of transition to be located
close to the midpoint of the 45° bi-conic surface, and at the junction of
this surface with the hemispherical nose-cap. These measurements are shown
in Figures 25 and 26. We observe that roug-ness has moved the transition
point well forward for the tests conducted at a'hRebof 6 x 106, and in each
case has inhibited the re-laminarization process which occurred at the sphere-
cone junction on the smooth bodies . While relaminarization occurred on the
afterbody downstream of the cone-cone junction over the smooth bodies at both
Reynolds numbers the flow at the highest Reynolds number on the rough body
remained turbulent through this expansion region. We observe from the measure-
ments made on both the smooth and rough nose tips that transition, relaminariza-
tion and the distribution of heat transfer occurs symmetrically over the model

surface.

While the conventional shape change coc:s do not incorporate features

which enable the position of re-laminarization or the heat transfer distribu-
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tion within these regions to be calculated, the effects of roughness has been
incorporated in a semi-empirical technique. Crowell, using the Powars14 roughness
heating formulation together with shock shape and pressure distributions from
the Godunov code obtained the calculations shown in Fig. 27a for the heat
transfer to the biconic nose. These solutions were obtained employing normal
shock and entropy layer swallowing models to establish the local properties
outside the boundary layer. We see that while the solution employing the more
attractive entropy layer swallowing technique overpredicts the heating,

that based on the normal shock approach underestimates the heating levels.

It should also be noted that the roughness induced augmentation is based on
measurements14 made at Mach 5, and the good agreement between the measurements
and the theory in the absence of roughness shown in Fig. 27b suggests that

the roughr<ss modelling is in question. Clearly the mechanics of roughness
induce’ sition and heating enhancement and wall heating in regions of
transiti *d re-laminarization remain to be understood. Experiments are
required on smooth and rough nose-tips over a range of bluntness ratios and
free stream conditions so that we can isolate the relative effects of entropy

layer swallowing, roughness induced turbulence and transition.

The relaminarization of a turbulent or transitional boundary layer
when subjected to a strong streamwise favorable pressure gradient has been
observed in both ground and flight tests and is clearly an important phenomena.
Relaminarization not only causes a decrease in the heating levels, but creates
a situation in which the boundary layer can be more easily separated by an
adverse pressure gradient., This latter feature is of critical importance in
the development of flows over highly ablated nose shapes where boundary layer
separation and flow instabilities are observed to occur. The large decrease
in the heating levels associated with re-laminarization were observed in the
measurements made on the bi-conic configurations at Calspan and are shown in
Figures 25 and 26. For flows without roughness, the heat transfer gages on
the conical frustrum always give mean and fluctuating heat transfer values
which were in close agreement to those for fully laminar flow, irrespective
of the position of transition on the fore-body. Only by severely tripping the
boundary layer with roughness is one able to preserve their turbulent character-
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istics through the expansion region, as shown in Figure 25, While some criteria
have been developed to suggest the conditions under which boundary layers will
re-laminarize in subsonic flow, no such criteria exist for the supersonic
regime with roughness. Relaminarization, which is most easily understood in
terms of the turbulent energy approach, can be described as a process in which
strong dissipation of the turbulence energy takes place while turbulence pro-
duction is reduced because the favorable pressure gradient decreases the
velocity gradient in the production region of the boundary layer. While it

may be possible to obtain numerical solutions to the turbulent energy equations
to determine the development of turbulent energy in highly expanding flows,
experimental measurements are required to provide or validate the numerical

constants used in such an approach.
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Section 3

FLOW SEPARATION AND THE DEVELOPMENT OF INSTABILIEIES
OVER ABLATED NOSE SHAPES

3.1 INTRODUCTION

Wind tunnel studies using ablating models have demonstrated that
"'slender' concave nose shapes, over which gross flow instabilities are observed,
can be formed under certain free stream conditions and nose-tip properties.
While an explanation of this behavior using sophisticated shape change codes

awaits the development of accurate models of regions of transition and relaminarisa-

15

tion, the simple equilibrium solutions obtained by Welsh™™ provide an important

insight into the development of ablated nose shapes. Welsh's analysis, predicts
the occurrence of the well known '"blunt" self-preserving nose shape for fully
laminar or fully turbulent boundary layers; however for flows where transition
occurs ahead of the sonic point on the nose tip (and under certain fully turbu-
lent conditions) this approach predicts the occurrence of slender nose shapes
similar to those shown in Fig. 28, This result has been verified in wind
tunnel tests of camphor models where shapes similar to those shown on Figure 29
can be developed under transitional conditions. The existence of slender
ablated nose shapes have been demonstrated in many experimental studies however
in general these shapes exhibit marked asymmetric characteristics. Asymmetric
nose shapes are believed to result from asymmetric transition; whatever the
cause such shapes can give rise to large de-stabilizing moments and side forces.
Under certain conditions, highly idented nose shapes, similar to that shown

in Fig. 30 were generated on camphor models, and over such shapes, the viscous
and inviscid flow fields interact in such a way that the flow became oscillatory.

In studies of ablated nose shapes, it has become customary to describe
the nose tip geometry in terms of the BI-CONIC or TRI-RADIUS configuration.
Schematic representations of these shapes are shown in Figure 31. A highly
ablated nose shape the form of which is to be characterised by these models
is shown in Fig. 32. Bi-conic configurations with Rn = Q1 = 0 are spiked
bodies, and it was on these bodies that gross instabilities described above
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INITIAL MODEL PROFILE
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Figure 30 THE DEVELOPMENT OF ABLATED NOSE SHAPES OVER WHICH FLOW
INSTABILITIES CAN OCCUR (REF. 16)
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Figure 31a BI-CONIC REPRESENTATION FOR ABLATED NOSE SHAPE

Figure 31b TRI-RADIUS REPRESENTATION FOR ABLATED NOSE SHAPE

Figure 32 TYPICAL HIGHLY INDENTED ABLATED SHAPE
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were first studied in hypersonic flow by Maull,17 Wood!® and Holden.20 Maull

and Wood, studied the flow over spiked flat-ended cylinders ard cones and found
(using high speed schlieren photography) the range of geometries for which
gross axial pulsations of the flow are observed (see Figure 33). This flow
instability, termed the "E" oscillation, occurs on a blunt body* when the

spike pierces the bow shock and yet is of insufficient length to permit an
equilibrium separated region to be established. While Maull and Wood used only
schlieren photography to detect flow oscillations, Holden with the aid of high
frequency thin film gages was able to detect two additional modes as well as
the variation of heat transfer levels which occurred during these oscillations.
The D oscillation arises from the symmetrical radial enlargement and contrac-
tion of the separated region as depicted in Figure 34, The D oscillation

has a frequency slightly larger than the E oscillation. On configurations
which were close to the E oscillation boundary, Holden observed a marked
"lateral" (L) oscillation which appeared insensitive to model incidence. It
was speculated that this motion was a circumferencial oscillation resulting
from an inability of this flow to generate a stable reattachment point.

Again, this oscillation had a frequency larger than the longitudinal E
instability. Each of these oscillations were accompanied by large variations
in the heating rate to the face of the model. A common feature of the E
oscillations observed in these tests, in which only laminar flows were studied,
was that the Strouhal number(i;l) appeared independent of Mach number and

model geometry.

One of the most interesting results from the Pant series I tests16 in

which flow oscillations were observed on ablating camphor models in ground
tests was that these instabilities appeared to be predominatly of the D and

L type, although the E oscillation was also observed. Seldom was a completely
symmetric ablation shape observed; in general, flow instabilities occurred on
one side of the model and enhanced the asymmetry. An ablated nose shape
typical of one where oscillations were observed is shown in Figure 30. It is
clear that this shape copld be defined in terms of either a Bi-Conic or Tri-

Radius configuration. The former representation, however, lends itself to a

*A body which will support a detached shock in the absence of a spike.
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LONGITUDINAL OSCILLATION IN TYPE E OVER SPIKED BODIES Figure 33



Figure 34
“D" OSCILLATION OVER SPIKED BODY g
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similar treatment to that used to define the oscillation boundaries for
spiked-body flows. Figure 35 shows the oscillation boundaries determined from
the spiked body studies and tests on Bi-Conic configurations performed by
Aerotherm16. The results from the latter study reinforce the conclusions from
the studies by Wood and Holden that 92 and 1/D are the major parameters con-
trolling the occurrence of the E oscillation. The oscillation boundaries de-
termined by Aerotherm for turbulent flow,fall within those found for laminar
flows for Wood and Hlolden. Increasing 91, RN/D, RS/D decreases the range of
the 02 and 1/D for which flow pulsations are observed. The effects of Mach
number and roughness were not included on the Aerotherm study. Limited variation
in Reynolds number was included, but most of the data were for the higher
Reynolds number, turbulent flow condition. While the studies referenced above
reported that the E pulsations for highly indented nose shapes had a Strouhal
frequency of close to 0.2, there is strong evidence that instabilities other
than this oscillation; namely, the D and L modes have frequencies which are
larger and influenced by the model geometry, From the studies performed by
Calspan during the past year, it is clear that the Mach number and Reynolds
number and roughness are important parameters which, through their effect on
transition and boundary layer separation, influence the occurrence of separation

and the boundaries between the D and E oscillation,

32 STUDIES OF LAMINAR FLOW OVER THE WIDHOPF 1 AND 2 NOSE SHAPES

The majority of the studies conducted at Calspan were performed for
conditions such that the boundary layers over the models of ablated nose shapes
were transitional or turbulent in character. However, we studied the laminar
flow over two ablated nose shapes for which Widhopf and Victoria20 obtained
detailed numerical solutions to the complete flow field using the time-
dependent Navier-Stokes equations. These nose shapes termed the 1-10-10 and
1-10-1 in the tri-radius terminology (or tliec Widhopf 1 ana 2) are shown in

Figure 36. Detailed heat transfer and pressure measurements were made over

both of these configurations at Mach 10 for a Reynolds number (ReN) of 300.
The instrumentation and recording equipment were designed to enable frecuencies

up to 1 Mz to be recorded with little attenuation. Widhopf's calculatioas for
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Figure 35 STABILITY BOUNDARY FOR E OSCILLATION ON BICONIC CONFIGURATIONS
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the 1-10-10 configuration showed a high frequency instability occurred in the
flow field close to the point of surface inflexion on this body. This localized
oscillation was predicted to have a major frequency of approximately 600 KHz.
Thus, the heat transfer gages were constructed so that their physical dimensions
were smaller than the wavelength of the oscillation. The heat transfer distri-
bution to this body is shown in Figure 37 togecther with the predictions from

the Navier-Stokes solutions of Widhopf. Although the measurements are in good
agreement with the mean values from these calculations, we were unable to de-
tect the flow instabilities observed by Widhopf in his numerical soluticns.
Measurements were made at a different Mach number and Reynolds number to

determine whether an oscillation could be induced at slightly different flow

conditions, but again we found a stable flow. However, one of the most in-
teresting aspects of the aerodynamics of this configuration is the large heating
rates generated at the inflexion of the concave surface at the base of the
embedded shock (see Figure 38). Studies of shock wave-turbulent boundary

layer interaction on concave bodies suggest that an even larger increase in

heat transfer would occur on the 1-10-10 configuration if the boundary layer
were transitional or turbulent. An ablating body upon which these heating
levels were impressed would tend to become more highly indented and possibly

develop onto the shape of the 1-10-1 configuration,

Heat transfer, pressure and schlieren records from measurements made
on the 1-10-1 configuration at Mach 10 demonstrate that the flow is fully
pulsating in the E oscillation mode. The schlieren photographs, shown in
Figure 39, indicate the oscillation is symmetric with a frequency which gives

fu

a Strouhal number ( D ) of 0.19. The heat transfer and pressure to the

model (shown in Fig. 40) undergoes a cyclic variation with the heat transfer vary-
ing between a value which is approximately equal that to the stagnation point on

a flat faced cylinder with the same body diameter, to a level six times as large.
This later condition is attained during the part of the cycle where the separated
shear layer impinges onto the almost vertical face ~f the afterbody. A small
angle of attack can induce a second asymmetric uscillational mode during which

a circumferential movement of the separated region occurs. This mode, which
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Figure 39b SCHLIEREN PHOTOGRAPH OF FLOW OVER WIDHOPF 2 CONFIGURATION
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will be discussed in greater detail as it occurs both on the '"A'" shapes and
the Pant I configurations, induces higher harmonics of the basic E oscillation,
and causes asymmetric loading of significant proportions. While the basic
frequency of the E oscillational mode and the higher harmonics appear to be
little influenced by the Mach number or Reynolds number of the free stream or
the roughness of the model when a highly ablated nose shape is tested, for
configurations which are close to the oscillation boundaries these effects do
become of importance. Such is the case for a series of "A" nose shapes tested

in our recent experimental program.

3.3 EXPERIMENTAL STUDIES OF THE STABLE AND OSCILLATORY FLOWS OVER THE
"A'" SERIES NOSE SHAPES

The "A" series nose shapes were developed from observations made on
flight and ground tests to establish the shape of ablated nose configurations on
which pulsations are observed. The configuration labeled AO in Figure 41 was
the nose shape originally chosen by AVCO as representative of a configuration
achieved in flight. This shape was tested under laminar flow conditions and
shown to exhibit unsteady flow characteristics. However, configuration Al was,
in fact, constructed by AVCO to be tested at AEDC. This later shape was
tested at Calspan where we found that an absence of E pulsations for high
Reynolds number conditions at Mach 11 and 13. The shapes A2, A3 and A4 were
selected for preliminary studies at Calspan to provide information to determine
how AVCO could make simple modifications to the Al configuration to obtain an E
oscillation, as well as obtaining basic information on how the oscillation
boundaries are modified by body geometry, Mach number, Reynolds number and

roughness,

The characteristics of the flow field over the Al configuration can be
seen with the aid of the high speed movie sequence shown in Figure 42. A
full scale E oscillation is not observed on this configuration; instead, the
D oscillation occurs. Here, there is a periodic growth and collapse of the
separated region, however, the separation point remains close to the tip of

the nose rather than moving from the tip to the base as observed for the E

78



| P S

s

- ———————

X141V 1S31 NVdSTVO 3HL NI a3sn SNOILVHNDIINOD ..V, IHL ¥ ainb1y

| : e e -
, _.

T

79




10-~-3180°6
%0+36L6°9
»0-3%GE"1
20+30%2°g
90+3L%1°¢
10-391.°9%9
L0~-3260°¢s
20+3L6L°L
10+3992°¢
140+3960°1
20-31%¢t°*8
$0—-3€69°1
10+39G6.°1
10-3¢c66°1
I10+3%16%6
€0e3L2S°S
10+32€1*1
€0+3616°7
20+399G6°1
»0+3L65°1
00+30L1°¢

0°0

0*0

0°0

2%

10-39%6°19
»0+3e82°L
#0-=-3982°¢
20+3012°*,
90+3621°¢
10-31¢L°*8
LO-3SL1*S
20+3120°8
10+308c°¢
LO+IHTIT T
90-3,08°93
»0-3L7L°*Y
10+34¢6°1
[0-3GG51°*?
20+30%0°1
€0+36L9°%
10+37¢T°1
c0+3G693°2
2041519 °1
»0+316SL°1
00+3762°¢C

0°0

0o°n

0°0

1§

10-3822°8
Y0+3€90°y
%0-3882°¢
20+3022°g
90+3G€T°€
10-3669°8
L0-3€92°g
20+3892°8
10+3920°¢
90¢35%96°§
80-3%92 %%
%0-36E%* 1
10+37199°*1
10-36L8°1
20#+3660°1
cOo+3%LL G
10+3€21°1
t0+3H1L*2
L0+3T€L°]
»0¢32€6°1
00+30GE°E

0°0

2°0

0°0

Bt

10-3650°6
%0+39G1°2
%0-380L°2
20+3092°¢
90+31L1°¢
10-3%389°8
10-390¢c°*g
20+399¢°g
10+3169°¢
LC+32L0°1
80-3212°*6
%0-3869°1
10+3¢€66°1
10-3912°2
20+3660°1
t0+3€18°s
10+3gc1°1
€0 +385 2
L0+3%G°1
Y0+3L€8°1
00+3GECE"E
0°0

0°0

0°0

L

(A}

10-336%°*6
%0+32¢8*2
»0=-31706°2
20+3042°g
90+3.%1°¢
10=-3%6%°g
40~-30€8" ¢
Z0+3909%6
10+3218°1
90+¢3616°Y
80-3118°9
50=-39L9°9
Q0+3< L)%
20-30¢c€°8
20+3L%0°1
£0+3IH%69*9
10+3562°1
€0+ 3062°¢
L0434A91°2
%0+ 3G606°1
00+326L°¢

0*0

0°0

0°0

¢

10-3¢9L°8
Y0+3iCYyL®G
»0-312€°2
20¢302¢€°¢
90+3G61°¢
10-3199°9
20-369€°¢S
20+301s°*8
10+3210°¢
90+36G5¢°86
90-3%6G6*%6
$0-309€°1
10+3829°1
10-31%8°1
Z20+3971°1
€0+31L3°¢
10+3¢€21°1
€0+33aL°7
10¢306L2°1
%0+3¢€es°1
00+3eHc®e

0°0

0o°0

o°n

St

SNOILVHNOIINOD ¥ IHL HO4 SNOILIGANOD 1S31
€ s|qel

1Sd

Ho

oN1s/s81 L4
J3S 14/S9N7S
Ho

YISd

23S 14/89N1S
m._-u_\wUDJw
VISd

VISd

Ho

23S/14

Ho
SONIS/SA 14
VISd

S33493a
$33493a

Hi%d0d
(9V1S)3®
(S1)d
(n)1
(MK
*xJ)°LytS
*NW

%1
10141d
*14/30
NwW

OHY

o

d

4

n

W

(0)1
(O)H
(0)d
(I
370N
MY A
Wvily
*ON NNX

80



Lo AT

10-3699°8
»0+3%5L6°9
%0-3106°2
20+30L2°S
90+3%991°¢
10-3502°8
1L0-39%2°¢
20+39c2°*8
10+3%15°¢
LO+3€ES0° 1
80—3L120°%¢
%0~-3959°1
10+3868°1
10-3911°*2
20+32L0°Y
€0+38%L°G
[0+3T1cT"1
€0+3€0L°2
L0+3GTL"°Y
»0+39%%L°1
00+3662°¢

0°0

0*0

o°0

€S

10-3%60°6
»0+360L°2
»0-380L°2
Z2n+30L2°S
90+3G691°¢
10-3%256°9
L0-335%L°S
20+ 336€°H
10+3889°1
Q0+3918°>
R0~3206°8
G0—~380%*3
00+39890°6
20—-321L°L
20+3110°1
£0+306€°9
10+3962° 1
£0+39%02°¢C
L0+3001°2
»0+3LLL°1
00+310L°%

0°*o0

0*0

0°0

253

10-3%»3.°8
»0+36%0°L
20-3106°2
20+3022°*¢g
J0+35%T1°¢C
10-3L€L "8
L0-38G1°g
20+3¢c<0°*8
10e3pcH»C
L0+3030°T
30-3¢€5L°8%
90-32¢9°1
10+3268°1
10-3€20°*2
20+30%0°1
£0+3959°%
10431t
C0+3923°2
LO+3193°1
20+30569°1
00+3¢L?2°¢

0°*9

2°0

n°*o0

9%

10—-34508°9
»Oe3HEH*9
¥0-3106°2
20+30L2°%s
90+3691°¢
10-320L°8
L0-3%52°S
20+38%2°g
10+3206°¢
L0+3G650°1
80-3960°s
%0-36%9°1
10+3108°1
10-3011°2
20+3220°1
£0+3G3L°S
T10+31€1°1
<0+360L0°2
L0+36TL°1
»0+36¢L°1
00+3€0€°€

D00

o.
O.
ne

S%

10-3¢1L°3
%0+3206°9
»0—-3106° 2
Z0+3042°G
90+3L%1°¢
10-3014°8
L0—3222°¢5
20+3761°9
10+350G6°¢
10+3950°1
20~3200%6
Y0—369°°1
T10+3568°1
10-4711°*?
20+3120°1
c0e3LCLS
T0+3TC1°1
t0+3€£69°C
10+3R0L°1
»0+35¢L°1
No+3ICTe* <

0°0

0°o

0*0

oY

10-37¢€0°5
$0+43220°L
50-3G€3°%
20+3G612°¢
90+32e1°¢
10-3282°2
L0-3020°¢
20e322L°L
10+3222°¢
L£0+3801°1
30-3162°3
$U=3%99°1
10+36%L°1
10-36%6°1
10+3808°5
£E0¢396%°5
10+32€1°1
€0es3E69°7
LO+3F€6°1
0+3€8G6° 1
00+3L91°¢

0°0

0°*0

o°n

€Y

SNOILYHNDIANOD ¥ IHL HO4 SNOILIANOD 1S3t
(penunuo)) g age

I1Sd
Ho
oN1s/S81 14

J3S 14/SHN1S
Ho
VvISd

23S L1/89N1S
g14/8077S
VISd

VISd

Ho

03S/14

Ho
$9N1S/S8T 14
VISd
S$33493a
$334930a

H1%d0d
(©v1S) 3y
(S1)d
(n)1
(MK
*J3°140S
*NN

x]
10411d
*14/3y
Nk

JHY

0

d

1

n

]

{0)1
(0O)H
(0)d
(I)KW
370y
ny A
NOvily
°*ON NNY

81



Figure 42 THE “D"” OSCILLATION OVER THE A1 CONFIGURATION



e

oscillation. The mass entrained into the scparated region is partially shed

as the reattachment point in the separated shear layer moves from the shoulder
of the nose shape. The movement of the shear layer toward the axis accompanies
the subsequent partial colluapsc of the recircular region. As this occurs, the
shear layer sweeps across the face of the nose producing heat transfer rates

in excess of five times that to the stagnation point of a sphere with the

same base diameter as the nose tip. During this oscillation, the pressure to
the nose tip undergoes a cyclic variation between a value just greater than

the pitot pressurc to approximately one third this value, while the nose tip
drag varies by a factor of uapproximately two. Further measurements with the

Al configuration suggested that the D oscillation could be stabilized with in-
creased model roughness, Mach number and Reynolds number. The interesting
feature of the D oscillation, however, is that a Strouhal number of 0.30
characterizes the frequency, which is close to double the oscillation frequency
observed for the basic I mode oscillation. In fact, our measurements suggest

the D mode may form the first harmonic when a strong E oscillation is observed.

Following our discovery that an L oscillation could not be induced

over the Al configuration, studies were conducted on configurations A2, A3 and

o

A4,which were shapes derived by changing the tip configuration of the Al shape.
A2 has the same bluntness ratio as A0 but a slightly larger L/D. We found that
although an E oscillation was generated over this configuration (see Figure 43),
this oscillation had a lower non-dimensional frequency than observed earlier
and appeared close to establishing a stcady separated flow. In fact, extending
the nose to a sharp point, the A3 configuration, generated a steady attached

flow (as shown in Figure 44), although one cycle of the E mode was observed

et Sy TN WAL e s

just before flow breakdown. Here we believe the boundary layer ahead of the

corner radius (RF) was fully turbulent and for this reason the flow did not

P

separate or oscillate, If a laminar flow were to bc established over the tip
of the A3 nose shape, we believe an E oscillation would result. This configu-

ration we believe would be sensitive to : oughness effects. Finally, our

SR o £ s

studies of the flow over the A4 configuration, a configuration where 81 was
modified to achieve approximately the same bluntness ratio as the A0 configu-

ration was found to be just unstable in the E mode, as shown in Figure 45. :
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Figure 43 MINI “E" OSCILLATION OVER THE A2 CONFIGURATION
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Figure 44 STEADY FLOW OVER THE A3 CONFIGURATION






Thus, nose tip configuration Al, A2, A3 and A4 have geometries which induce
flow fields which lie close to the oscillation boundaries as shown in Figure 25.
However, the flow over the A0 configuration is fully pulsating in the E mode,
and this is the configuration over which detailed heat transfer and pressure

measurements were obtained.

3.4 DETAILED MEASUREMENTS ON THE AQO CONFIGURATION

The A0 configuration was fully instrumented with high frequency re-
sponse pressure and heat transfer gages. In addition to placing a high density
of instrumentation along the 0° ray, measurements of heat transfer and pressure
were made on rays inclined at 120 and 240 degrees to this principal axis, as
shown in Figure 47. In this way, we were able to effectively investigate flow
asymmetrics which result from asymmetric transition or angle of attack effects.
A photographic sequence showing the flow over the A0 configuration at zero '
angle of attack is shown in Figure 48, Here we see the sequence of events in
which the bow shocks from the tip and the afterbody intersect at the tip-
afterbody junction producing a pressure rise which the boundary layer cannot
sustain without separation taking place. The separation point moves forward
to the nose tip and, because it is impossible to establish an equilibrium

separated shear layer between the tip and the shoulder of the model, the sepa-

ration point overshoots the nose. The resulting flow field is one with a large bow

shock standing off the entire configuration. This bow shock collapses back to
the model surface causing the entire sequence to be repeated. Extremely large
heat transfer rates are generated by shock-boundary layer interaction and shock-
shock interaction which occur at the junction between the fore- and after-body.
During the initial formation of the separated region at a time when a strong
oblique shock is formed at the forebody-afterbody junction, see Figures 48

and 49 severe heating is observed at the base of this shock. As the separated
region grows, we observe the formation of a shear layer at the intersection
between the fore-body and after-body shocks. The heat transfer rates which are

generated in the region where this shear layer attaches to the surface of the
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(a) AO CONFIGURATION

(b) A1 CONFIGURATION

Figure 47 TWO OF THE MODELS FROM THE “A” SERIES TEST PROGRAM
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Figure 48 “E” OSCILLATION ON AO CONFIGURATION AT ZERO ANGLE OF ATTACK
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nosc tip exceed those to the stagnation region of a sphere with the same diamcter
as the nose and after-body by factors of 3 and 5 respectively. The typical
outputs of heat transfer and pressure gages positioned in the junction region

are shown in Fig. 50. We see the heat transfer rate varies between a peak

value resulting from the shock-boundary layer and shock-shock interaction to a
minimum value corresponding to the flow configuration where the bow shock is

standing off the nose tip. Further distribution of heating and pressure over the

AQ configuration at a series of times during one cycle of the E oscillation is
illustrated in Figs. 51 and 52, It is clear that the very large heating

rates at the center section of the model would lead to large non-equilibrium
distortions in the shape of an ablating nose tip. The structure and frequency
of the oscillatory flow field over the AO configuration showed little sensi-
tivity to Reynolds number or Mach number although introducing 5 mil roughness
did slightly modify its amplitude. However the supporting of this model at an
angle of attack induced a flow oscillation which was asymmetric in character

and exhibited two distinct modes of oscillation.

The asymmetric flow about the AO configuration at an angle of attack
of 4.5° is shown in Fig. 53. We see that the basic mode is a relatively sym-
metric E oscillation, however, during the period when the flow on the windward
side of the nose tip undergoes one cycle,the flow on the windward side under-
goes two such cycles. Thus, one asymmetric E cycle occurs during every sym-
metric E cycle. Significant asymmetric pressure and heating loads are created
by the oscillation as indicated by the distributions shown in Fig. 54. Thas
asymmetry is a maximum at the time when the flow on the windward side is at-
tached and the bow shock has been forced to move just beyond the tip by flow
separation on the leeward side. Thus,considerable side forces are generated
which in addition to causing a pitching momentum at the nose tip, exerts severe

bending moments which could possibly le<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>